Abstract Performance on complex, cognitive tasks often is sensitive to low-level sensory and perceptual factors. These relations are particularly important for cognitive aging researchers because aging is associated with a variety of changes in sensory and perceptual function. In the article that follows, I first selectively outline some relations between task performance and sensory function. Next, I summarize age-related changes in visual function and the implications of these changes for task performance, using the digit-symbol subtest of the WAIS as an example. I offer some reasons why age-related sensory decline may not be important to all cognitive tasks. Finally, I provide several recommendations for cognitive gerontologists who want to minimize the risk that the age differences they observe are sensory in nature.
The past decade of cognitive aging research has produced a small, but provocative and influential number of studies that suggest a rather strong correlation between age-related differences in sensory measures like visual acuity and cognitive measures of attention, memory, and intelligence. Understandably, these data are generating an uncertain and mixed reaction within the gerontological community. On the one hand, the possibility of a common or general cause of cognitive aging has parsimonious and clear intellectual appeal. On the other hand, such findings complicate the work of researchers who wish to attribute age differences in task performance to cognitive mechanisms.
To motivate the discussion by example, Lindenberger and Baltes (1994) assessed corrected visual acuity and audiometric thresholds, along with several measures of cognitive function (e.g., reasoning) in over 150 people older than 70 years of age. The interrelationships among some of the variables are shown in Figure 1 . Aging is strongly correlated with both visual and auditory function, which in turn have a substantial impact on cognition. Such a pattern is consistent with the view that age changes in cognition reflect a common factor that is also indexed by sensory function. However, the data are also compatible with the assertion that age differences in cognition are caused by sensory deficits that make it more difficult for the elderly to process the test materials. In fact, this is the position implicit in the model shown in Figure 1 , because age impacts cognition only indirectly through its influence on sensory function.
The substantial relations between sensory and cognitive function are not, as might be hypothesized, a result of selecting only an older sample in which undetected disease causes correlated interindividual differences in sensory thresholds and cognitive behaviour. Moderate to large correlations between age, sensation, and cognition have been found in life-span samples (Baltes & Lindenberger, 1997; Salthouse, Hancock, Meinz, & Hambrick, 1996) and in longitudinal designs (Schaie, Maitland, & Willis, 2000) . Neither do the correlations result spuriously from age-related changes in response criterion (Burton, Owsley, & Sloane, 1993; Higgins, Jaffe, Caruso, & de Monasterio, 1988) . Stevens, Cruz, Scialfa Marks, and Lakatos (1998) found correlations between forced-choice measures of sensory function and performance on the Boston Picture Naming Test and Logical Memory subtest of the Wechsler Memory Scale ranged from .35 to .78 in small, select groups of younger and older adults. The magnitude of the relationship appears to vary with sensory modality, but not always in ways that allow for easy causal models. For example, Glass (2000) reported that visual contrast sensitivity accounted for more age-related variance in spatial tasks than in verbal tasks. On the other hand, Stevens et al. found that it was touch and taste thresholds that had the highest correlations with the Logical Memory test. The sensory-cognitive link appears to be quite robust, crossing task domains as diverse as problem-solving and fluency (Lindenberger & Baltes, 1994) , concept identification (Salthouse et al., 1996) , picture naming and prose memory (Stevens et al., 1998) , and driving accidents at intersections (Owsley, Ball, Sloane, Roenker, & Griggs, 1991) .
Minimally, studies such as these compel cognitive gerontologists to augment experimental protocols with time-consuming sensory measures that may be inexpensive, but are not free. More importantly, like general slowing theory (Myerson, Hale, Wagstaff, Poon, & Smith, 1990; Salthouse, 1993) and the inhibition deficit hypothesis (Hasher & Zacks, 1988) , these findings may mark the beginnings of a paradigmatic shift in the way cognitive aging research is practiced and interpreted. Because of the potential implications of the link between sensory and cognitive aging, it seems sensible to explore the issue in some detail.
The organization of this article is as follows: First, I am going to detail selectively the importance of sensory factors in the performance of some cognitive tasks, after which I will review the literature on sensory and perceptual aging. Next, I am going to summarize several studies demonstrating through both experimental and correlational approaches the impact of sensory function on age differences in cognitive task performance. Afterwords, I will shift the discussion to factors that, I believe, reduce the general importance of this sensory-cognitive aging link. Finally, I will enumerate several practices that can help researchers separate sensory and cognitive aging.
The Role of Sensory Factors in Complex Tasks
Low-level, sensory factors often influence performance on relatively complex aspects of behaviour. Both acuity and contrast sensitivity are positively correlated with retinal illumiance (DeValois, Morgan, & Snodderly, 1974; Hecht, 1928 ) over a 5 log unit range. To put these data in perspective, most commercial computer monitors operate with the range where performance is strongly and linearly related to luminance.
Another example is found in a well-known phenomenon referred to as time-intensity reciprocity or Bloch's Law. Essentially, the visual system trades time for luminance over a period ranging from a few tens to several hundred milliseconds, depending on task, stimulus area, retinal eccentricity, etc. An implication of Bloch's Law is that when less light reaches the retina, that light will need to be integrated over a longer period of time to reach threshold. If time-intensity reciprocity was only a factor in simple sensory tasks like luminance detection (Baumgardt & Hillman, 1961) , it would be of little concern to cognitive psychologists in general, or cognitive aging researchers, in particular. But Bloch's Law operates for such varied tasks as letter identification (Kahneman & Norman, 1964) and span of apprehension (Hunter & Sigler, 1940) , tasks normally thought to have rather large cognitive components.
Yet another illustration of the role of sensory factors on cognitive function comes from the domain of visual search. Erickson (1964) related peripheral visual acuity to search time, finding correlations ranged from .3 to .9 that increased with the visual demands of the task. Egeth and Dagenbach (1991, Experiment 1) examined search time as a function of luminance contrast and found that search was slower in low-contrast conditions, particularly on target-absent trials. Geisler and Chou (1995) were able to show that several variables known to impact search rates (e.g., target-distractor similarity) exert their effects at the early, sensory level of processing.
Finally, tasks like reading and sign recognition are dependent on acuity and/or contrast sensitivity (e.g., Kline, Ghali, Kline, & Brown, 1990; Legge, 1993) and thus, are dependent on any sensory factors influencing spatial vision generally.
Sensory Aging and its Impact
Although it is not an area that has interested gerontologists as much as cognition, several decades of research have examined the age-related changes that occur, in the absence of known disease, in various aspects of sensory and perceptual function. In this section, I will summarize these findings, highlighting the data on visual processing that are most directly pertinent to cognitive aging research. Articles by Don Kline and myself (1996) , Schieber (1992) , Owsley and Sloane (1990) , and more recently, Schneider and PichoraFuller, (2000) offer more extensive coverage of the topic.
Anatomical changes in the visual system are myriad and profound. Pupil size diminishes (Winn, Whitaker, Elliot, & Phillips, 1994) , the lens yellows and becomes opaque, reducing the amount of light reaching the reti-na by perhaps as much as 90% (Weale, 1961) . The lens becomes less flexible (Kashima, Trus, Unser, Ewards, & Datiles, 1993) , and accommodation, the ability to change the shape of the lens to image objects at varying distances, is eliminated by 60 years of age on average (Charman, 1989) .
Aging of the extra-ocular musculature (Doig & Boylan, 1989 ) results in changes in both smooth pursuit and saccadic eye movements. Pursuit gain is diminished, increasing retinal slippage and the need for compensating saccades at higher target velocities (Morrow & Sharpe, 1993) . While the kinematics of saccades largely are unchanged with age (Abrams, Pratt, & Chasteen, 1998), onset latencies are typically greater (Huaman & Sharpe, 1993 ) and saccadic accuracy is reduced when the distractors fall between the current fixation and the saccade target (Scialfa, Hamaluk, Skaloud, & Pratt, 1999) . Fixational stability appears to be age-invariant (Kosnik, Kline, Fikre, & Sekuler, 1987) but this is known only for isolated targets in otherwise stationary scenes.
At the neural level, studies of humans and other animals have found there are declines in the density of rods (Curcio, Millican, Allen, & Kalina, 1993) and retinal ganglion cell axons, which may be greater in the periphery (Gao & Hollyfield, 1992) . Visually evoked potentials show a decline in P100 amplitude, presumably localized to visual cortex, that is more pronounced for higher spatial frequencies (Bobak, Bodis-Wollner, Guillory, & Anderson, 1989). As well, imaging studies suggest reduced amplitude of response and diminished functional segregation in the striate and extrastriate cortices of the elderly (Buckner, Snyder, Sanders, Raichle, & Morris, 2000; Grady et al., 1992) . This is an area where critical work is just beginning (e.g., Madden, Turkington, Provenzale, Hawk, Hoffman, & Coleman, 1997) .
In many ways, the consequences of these changes are straightforward. There are systematic reductions in spatial vision that increase with the spatial frequency (i.e., the detail) of the stimulus (Crassini, Brown, & Bowman, 1988; Gittings & Fozard, 1986; Scialfa, Adams, & Giovanetto, 1991) . These differences are exacerbated in low luminance (Sturr, Kline, & Taub, 1990) , in the visual periphery (Collins, Brown, & Bowman, 1989) , when the stimulus is moving (Long & Crambert, 1990; Scialfa, Garvey, Tyrrell, & Leibowitz, 1992) and when the observer is not using an optical correction that is appropriate to the test distance. Colour discrimination is difficult, particularly at shorter wavelengths (Knoblauch et al., 1989) . Visual fields are reduced and again, these deficits are colour-dependent, with the greatest restrictions for shorter wavelengths (Johnson, Adams, Twelker, & Quigg, 1988) .
Less obvious, but likely a result of declines in retinal illuminance and loss of magnocellular neurons, are reductions in temporal resolution. This is seen in elevated temporal contrast sensitivity thresholds (Tyler, 1989) , as well as a prolonged time-course of backward masking (Walsh, Till, & Williams, 1978) , visible persistence (Kline, Scialfa, Lyman, & Schieber, 1990) , and the duration of after-images (Kline & Nestor, 1977) . Essentially, the elderly will be disadvantaged in any experimental conditions where information is presented in rapid sequence.
To give a sense of the impact of some (though certainly not all) of these changes, consider Figure 2 , which is an adaptation of the computerized version of the WAIS Digit Symbol test as used by Charness and Schultetus (1998 is not refracted for the test distance and is experiencing an attenuation in the amount of light striking the retina. It was produced by blurring the image and reducing average luminance in amounts not unlike those expected in normal aging. Clearly, the ability to extract critical information is compromised and, in consequence, errors will increase, compensatory eye movements will be more common, and speed will suffer.
There are numerous examples in the gerontological literature of age differences in the performance of cognitively demanding tasks that are likely due to relatively low-level sensory and perceptual factors. I will only mention a few, drawn from the visual search literature. Harpur, Scialfa, and Thomas (1995) compared younger and older adults in orientation-based feature search when targets were presented in response-compatible or response-incompatible distractors. Displays were presented for durations ranging from 26 to more than 1,200 ms. Age differences in response-compatible displays were minimal at all durations, but older adults made significantly more errors than the young on response-incompatible displays, particularly at shorter durations. These differences are likely caused by agerelated differences in retinal illuminance, which increase the duration required to reach recognition threshold. I say this because younger adults can be made to show similar response-compatibility effects by reducing luminance or duration (Kline & Scialfa, 1988) , and because Madden and Allen (1991) have demonstrated that older adults have slower rates of feature extraction in visual search.
In a related and admirably crafted study, Davis, Fujawa, and Shikano (2002) presented younger and older observers with a two-interval, forced-choice, feature search task based on small shape differences. A staircase approach was used to converge on accuracy criteria of .65, .78, or .84. Older adults exhibited shallower time-accuracy functions, suggesting that search was more effortful and less efficient for them. However, once near visual acuity, perceptual speed and Stroop interference were partialled out, age differences in search performance were nonsignificant. Their report does not indicate how much of an impact visual acuity has on the age differences obtained, but because the stimuli were chosen for their featural similarity along the shape dimension, high frequency spatial sensitivity, as measured by acuity, is likely an important determinant of individual differences in performance.
Why Sensory Aging May Be Unimportant in
Cognitive Tasks To this point, I have made the argument that sensory function often plays a causal role in the performance of cognitive tasks and that because of this relation, age differences in performance may be erroneously attributed to cognitive mechanisms when, in fact, sensory factors are responsible. At this point, I am going to present the antithetical view, and assert that in many situations, the numerous age changes in sensory function will have little influence on performance on cognitive tests. Briefly, these arguments centre around issues of threshold versus suprathreshold behaviour, the role of environmental cues, the importance of experience, and the human observer's remarkable ability to tolerate sensory degradation without impact on performance.
As I have summarized above, there are numerous age changes in sensory anatomy that influence spatial vision, temporal sensitivity, peripheral function, and colour perception. Without minimizing the importance of these changes, it is critical to bear in mind that they surface under conditions designed to assess the limits of sensory function. Individual differences in sensory function may have little impact on suprathreshold behaviour. Hecht's (1928) data clearly indicate that when ambient illumination reaches high levels, acuity is independent of further increases in stimulus intensity. This saturation is common in biological systems and is seen in size, motion, orientation, contrast, hue, and many other physical dimensions. To draw an illustration from the aging literature, motion thresholds are systematically elevated in older adults (Trick & Silverman, 1991) , but the elderly have no difficulty using large motion differences to facilitate visual search (Humphrey & Kramer, 1997) or scale automobile velocity (Scialfa, Guzy, Leibowitz, Garvey, & Tyrrell, 1991) . Similarly, older adults have a disproportionate difficulty with low-contrast acuity (Adams, Wong, Wong, & Gould, 1988) but shown no greater contrast effect in judging the speed of random dot kinematograms at 50% and 75% contrast (Gilmore, Morrison, Behi, & Manjeshwar, 2000) . The point is that while age differences in threshold behaviour are important, they may not explain age differences in task performance when the stimuli are clearly above threshold, as is relatively easy to do in much cognitive aging research.
Another characteristic of the study of sensory aging is that the stimuli used are relatively impoverished in that they are often devoid of the environmental information that subserves perception, attention, and memory. I am including under the general heading of environmental information both monocular depth cues such as texture gradient, height in a plane, and occlusion (Gibson, 1979) , and also Gestalt grouping principles such as proximity and common fate (Wertheimer, 1923) . These cues are remarkably invariant to ambient illumination and optical blur and so can be useful to most observers in most viewing conditions. The ability to use this environmental information may explain why there are only small age differences in the ability to estimate velocity and distance in real-world scenes (Scialfa, Kline, Lyman, & Kosnik, 1997; .
As in most matters, practice makes for better cognition. This truism underscores the importance of experience in the performance of complex tasks. If there is one thing that the elderly have in abundance, it is experience, which allows for powerful top-down influences on cognitive function that may, in fact, overshadow the bottom-up (i.e., data-driven) factors that will often work to the disadvantage of the elderly. Evidence for the mitigating role of experience can be seen in Clancy-Dollinger and Hoyer's (1995) study of visual search in radiological technicians and in Salthouse's (1984) examination of aging typists. More recently, we have found that older adults do not demonstrate larger clutter effects than the young when searching for traffic signs in digitized images of traffic scenes (Ho et al., 2000) . This was an unexpected "null" effect, because older adults often show larger clutter effects in laboratory studies of search (Fisk & Rogers, 1991; Madden, 1986; Plude & Doussard-Roosevelt, 1989) . We have replicated this finding under divided attention conditions (McPhee, Ho, Dennis, Scialfa, & Caird, under review) so believe it to be robust. Although alternative explanations can be considered, one possible account of this finding is that older adults have a good deal of experience searching for relevant objects in driving scenes. They use this top-down knowledge to eliminate from search objects that are clearly unimportant to identifying traffic signs.
Yet another reason to think that sensory aging may be less than critical to performance is that older adults appear, in some circumstances at least, to be better able to process degraded information. Kline, Buck, Sell, Bolan, and Dewar (1999) determined age differences in sign legibility under varying levels of induced blur. Surprisingly, older adults' performance was better than that of younger adults when optical blur brought them to 20/40 and 20/30 acuity. Only when everyone used their best correction were age deficits observed. This provocative finding may reflect the fact that older Figure 3 . The effects of optical blur and reduced retinal illuminance on luminance contrast X orientation (left panels) and colour X orientation (right panels) conjunction search reaction time (upper panels) and fixation number (lower panels).
adults must regularly deal with sensory degradation and so have learned to extract task-critical information under these conditions. A similar argument has been made by Pichora-Fuller, Schneider, and Daneman (1995) in speech recognition.
Relatedly, many laboratory-based cognitive tasks may be robust to reductions in stimulus quality that would be expected in a normally aging sample. To illustrate this point using a familiar context, several experiments in our lab have examined overt and covert attention in conjunction search tasks (e.g., Scialfa & Joffe, 1997) . In a typical study, observers must search for a white line, tilted to the right when it is embedded in varying numbers of black, right and white, left lines. The objects being searched are relatively large, highcontrast lines that are viewed under photopic conditions. After a bit of practice, observers can search for the target with very little effort, and there are only very small effects of display size.
As a test of the impact of normal aging on search performance, I generated several blocks of contrast polarity x orientation and colour x orientation conjunction search data when luminance was reduced by 50% and with 1 to 3 diopters of optical blur. Under the most demanding conditions, I was unable to read the largefont instructions that were provided before the experimental trials began. Still, as seen in Figure 3 , my reaction time was largely unaffected by these manipulations. Neither did I show a systematic increase in the number of fixations required to find the target.
I do not want to suggest that all cognitive studies or even all visual search studies are immune to sensory effects. A large body of data has suggested quite the opposite (e.g., Erickson, 1964) . Still, thankfully, it is possible to produce stimuli for use in cognitive tasks that do not require 20/20 vision or 180°visual fields to process efficiently. These are the sorts of tasks that are ideal for aging research, because they allow the researcher to say with some confidence that any age differences observed are not the result of changes in sensory function.
Conclusions and Recommendations
This article was motivated by the important question, "Do age differences in sensory function account for age-related deficits in cognition"? For those who expected a simple and straightforward answer, the preceding observations are, I am sure, a disappointment. As in much of our work, the answer must be qualified and placed in context. Certainly, there are a large number of age-related changes in sensory and perceptual functioning, and many of these changes reflect variables that are known to impact performance on tasks measuring attention, memory, and learning. To argue that the sensory consequences of normal aging can be ignored generally is to deny the evidence that is literally before our aging eyes. That being said, there are reasons to believe that the adoption of several "best practice" procedures will allow us to circumvent these sensory deficits and thus eliminate a large class of rival hypotheses that would otherwise result in considerable ambiguity in our research. In the last section of this paper, I will summarize these practices with the hope that they will simplify future research endeavours.
First, a task analysis can often reveal those experimental paradigms that are influenced by sensory factors. For example, the digit symbol subtest of the Wechsler Adult Intelligence Scale (WAIS) requires that people read a key of digit-symbol pairs and then duplicate this pairing by writing the symbols associated with each digit in a timed test. Task performance requires that a person move his or her eyes to the digit-symbol pairings, find the relevant digit, encode the symbol associated with it, move his or her eyes back to the workspace, write the symbol, and then execute a small saccade to the next digit to repeat the process. Memory and learning are clearly important to task performance, because if one retains with confidence the digit-symbol pairing on early trials, then one can respond based on memory and not through overt inspection of the template. In the early stages, however, and likely intermittently after that point, it will be necessary for people to rely on visual information contained within the display. As shown earlier in Figure 2 , older adults likely will be disadvantaged at these times because of suboptimal refraction, uncorrected declines in peripheral acuity, reduced retinal illumination, contrast sensitivity and acuity, greater crowding effects, and difficulty executing saccades in cluttered scenes (see Charness & Schultetus, 1998 , who examined age differences in the eye movements made during a modified digit-symbol task).
In contrast, consider another timed subtest of the WAIS, blocks design, in which a person must reproduce geometric patterns of increasing complexity using blocks that are red, white or a mixture of the two colours. The patterns to be copied and the blocks themselves are not finely detailed and the spectral differences between red and white sections are quite large. While eye movements may be required as one compares the template to the pattern being constructed, these are executed in uncluttered scenes. Thus, it is difficult to conceive of a sensory mechanism (excluding motor or tactile deficits) that would influence age differences in task performance in a causal manner. It may still be true that age differences in task performance will be reduced once a sensory measure is controlled, but in all likelihood this is because age is corre-lated with both sensory function and speed.
Another way to attack the problem is to see if the correlation between sensory function and performance obtains in younger individuals. For example, even young people show great variability in hearing thresholds. Is it the case that in these samples we find a relation between sensory and cognitive function? In this approach, the researcher is once again dealing with intact groups. Thus, she or he must be mindful of all the problems associated with quasi-experimental research. However, the establishment of a strong sensory-cognitive link in a young group would be consistent with the view that there is a causal relation between age-related differences in sensory function and task performance.
One might also consider incorporating an age "simulation" into one's research. This approach is based on the argument that if there is a link between age and cognition through sensory function, then reducing sensory function in the young will cause them to behave cognitively like their older counterparts. Conversely, when such introduced sensory aging has little impact on performance, then the aging-sensation-cognition link is an unlikely explanation of age deficits on the criterion task. This technique has been used in studies of contrast sensitivity (Owsley, Sekuler, & Seimsen, 1983) , dynamic visual acuity (Long & Crambert, 1990) , texture segmentation (Scialfa & Hamaluk, 2001) , and visual search (Scialfa & Kline, 1988) . At a more complex level, Echt and Pollack (1998) showed that young adults who carried out a text comprehension task under visually degraded conditions performed more like younger controls than older adults. In the auditory domain, Pichora-Fuller and Pass (2000) found that young adults provided with temporally jittered speech performed like older adults on a word recognition test.
At a more modest level, some relatively simple checks on experimental design will minimize the importance of age differences in sensory processes on cognitive function. Screen participants for sensory health, using tests of visual or auditory spatial and temporal sensitivity and/or the assistance of a clinician. This is a low-cost addition to research, typically adding 5 or 10 minutes to an experimental protocol. Consider the use of a trial lens set to give observers the best optical correction for the test distance at which the research is carried out. In the creation of test stimuli, avoid low luminance and contrast, short wavelengths, high spatial and temporal frequencies. Limit the spatial extent of displays and reduce crowding. Continue the practice of measuring sensory covariates that are plausible causal agents in cognitive function and using them in the analysis phase of research. Owsley, C., & Sloane, M. E. (1993) . Aging and neural spatial contrast sensitivity: Photopic vision.
ception du monde réel sont robustes et supportent les approximations du rôle de la détérioration liées à l'âge sur le plan de la fidélité sensorielle; enfin, les personnes âgées semblent parfois aptes à compenser la diminution des facultés sensorielles et ainsi réduire son incidence sur la performance. Pour finir, je propose plusieurs recommandations aux gérontologues spécialisés dans la psychologie cognitive qui souhaitent réduire au minimum le risque que les différences d'âge qu'ils observent soient de nature sensorielle. La majorité de ces recommandations supposent des ajouts peu coûteux aux instruments qui sont déjà utilisés dans les laboratoires de vieillissement cognitif moyens. En adoptant ces techniques, non seulement nous facilitons la tâche consistant à distinguer le vieillissement sensoriel et le vieillissement cognitif, mais les deux champs de recherche tireront profit d'une symbiose interdisciplinaire.
